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SUMMARY Bacteria often reside in multicellular communities, called biofilms, held to-
gether by an extracellular matrix. In many bacteria, the major proteinaceous component
of the biofilm are amyloid fibers. Amyloids are highly stable and structured protein ag-
gregates which were known mostly to be associated with neurodegenerative diseases,
such as Alzheimer’s, Parkinson’s, and Huntington’s diseases. In recent years, microbial
amyloids were identified also in other species and shown to play major roles in micro-
bial physiology and virulence. For example, amyloid fibers assemble on the bacterial cell
surface as a part of the extracellular matrix and are extremely important to the scaffold-
ing and structural integrity of biofilms, which contribute to microbial resilience and resis-
tance. Furthermore, microbial amyloids play fundamental nonscaffold roles that contrib-
ute to the development of biofilms underlying numerous persistent infections. Here, we
review several nonscaffold roles of bacterial amyloid proteins, including bridging cells
during collective migration, acting as regulators of cell fate, as toxins against other bac-
teria or against host immune cells, and as modulators of the hosts’ immune system. These
overall points on the complexity of the amyloid fold in encoding numerous activities, which
offer approaches for the development of a novel repertoire of antivirulence therapeutics.

KEYWORDS amyloids, Bacillus subtilis, biofilms, curli, phenol-soluble modulins,

Staphylococcus aureus, Escherichia coli, Salmonella enterica serovar Typhimurium,
TasA, extracellular matrix

INTRODUCTION
hile historically thought of as unicellular organisms, in nature, bacteria form
complex and differentiated multicellular communities known as biofilms. The
coordinated action of the community residents improves the ability of the community
to attach to hosts and protect them from environmental stresses (1, 2). The multicellular
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nature of biofilms confers unique phenotypic abilities to the residing bacteria. There-
fore, biofilms, and not planktonic cells, are the bacterial entities mostly affecting their
environment. One example is the enormous impact of biofilms on human health. The
U.S. Centers for Disease Control and Prevention (CDC) has estimated that bacterial
biofilms are responsible for 60% of chronic infections, including burn wounds, chronic
ulcers of limbs associated with diabetes, periodontitis, osteomyelitis, chronic wounds
and cystic fibrosis lungs (3-5). Bacterial biofilms are able to evade the host immune
system and withstand treatment with antibiotics (6-8). It has been demonstrated that
infection-forming biofilms are 10- to 1,000-fold less susceptible to antibiotics than their
planktonic counterparts (4, 7). However, the mechanisms supporting this phenotypic
resistance, as well as those driving the transition from free-living bacteria to a differ-
entiated biofilm community, are poorly understood (4).

Biofilms are often composed of a heterogeneous community organized into a
complex three-dimensional (3D) structure. The 3D structure of the biofilm was sug-
gested to relieve metabolic stress by the utilization of channels formed below the
ridges and wrinkles within the colony that may facilitate the diffusion of fluids,
nutrients, and oxygen (9-12). The resulting different levels of oxygen, nutrients, and
quorum-sensing molecules affect the genetic programs expressed by the cells within
the biofilm and generate spatial and temporal heterogeneity (13-18).

The formation of a biofilm is a developmental process, in which various genetic
programs are activated in a specific order in different subpopulations of cells, for the
proper establishment of a functional structure (10, 12, 14, 19-22). This apparent
coordination can be explained by the temporally distinct exposure of cell subpopula-
tions to specific microenvironments (14).

To form a functional structure, biofilm cells produce polymers that constitute the
extracellular matrix (ECM), where they bind to each other and to the surface. The ECM
plays an important role in the resistance and resilience of the entire biofilm community
(13, 23, 24). Although the ability to generate an ECM appears to be a common feature
of multicellular bacterial communities, there is remarkable diversity in the means by
which these matrices are constructed (25). The most extensively studied compo-
nents of biofilm organic ECMs are carbohydrate-rich polymers (i.e., extracellular
polysaccharides or exopolysaccharides [EPS]), proteins, nucleic acids (25, 26), and
biogenic minerals (27, 28).

Here, we will review a major component of the proteinaceous ECM, namely, proteins
which form amyloid fibrils. Known biofilm-associated amyloids include the curli-
producing CsgA/B proteins produced by Escherichia coli and Salmonella enterica serovar
Typhimurium (29), phenol-soluble modulins (PSMs) produced by Staphylococcus aureus
(30), FapB/C produced by Pseudomonas aeruginosa (31), and TasA produced by Bacillus
subtilis (32, 33). Importantly, bacterial amyloids can be roughly divided into intrinsic and
facultative bacterial amyloids (34). Curli represent intrinsic bacterial amyloids. For these
functional amyloids, the amyloid state represents the primary structural and functional
state of the proteins, which are part of a biosynthetic pathway dedicated to the
assembly of the functional amyloid structure (29, 34). On the other hand, TasA,
belonging to a protein family with enzymatic function (33), represents facultative
amyloids where protein subunits can attain a globular folded state (35), as well as a
fibrous amyloid (33, 36). Bacterial amyloids that are composed of peptides, such as the
S. aureus PSMas (~20 residues in length), are too short to form a defined globular
tertiary structure in their soluble state. Nevertheless, they can form helices and B-rich
structures and mixtures of these species, in both their soluble and fibrillar states (37,
38). The dynamics between secondary structures and mixture of conformations, as well
as soluble/insoluble states, even within identical sequences, challenge structure-
function-fibrillation studies and prohibit a clear definition of the amyloid role in specific
activities.

Functional amyloids are extremely common in bacterial biofilms and their assembly
is important for the integrity of biofilms. Here, we will focus on bacterial amyloids
within the ECM of microbial biofilms. While many functional amyloids in biofilms are
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FIG 1 TasA fibrils in B. subtilis biofilms. (A) Biofilm colonies formed by the parental strain and a TasA
mutant. Scale bar, T mm. (B) A functional TasA-mCherry fusion generating a network between biofilm
cells. Scale bar, 2 um. (C) Images of a fibril formed by TasA-mCherry between cells grown in a microfluidic
device. (Reprinted from reference 80.) Scale bar, 2 um.

suggested to play roles as stable and resistant scaffolds, several nonscaffold roles are
emerging, including in signaling, toxicity toward competitors, and immunomodulation.

FUNCTIONAL AMYLOIDS IN COLONY STRUCTURE

Amyloids are known for their remarkable stability, ascribed to their shared cross-
structural feature, composed of tightly matted B-sheets with B-strands situated per-
pendicular to the fibril axis (39-50). Bacterial amyloids were suggested to share the
typical cross-B structure of human amyloids, which provide ultrastability to the ECM.
Thus, though the primary structure (amino acid sequence) of amyloids may not share
similarities between organisms, the quaternary structure is overall similar. Amyloids are
highly resistant to chemical, proteolytic, and enzymatic degradation and therefore
provide a strong scaffold for the community and act almost like a shield under stress
(51, 52). Many amyloids, such as curli, produced by E. coli and S. Typhimurium (29), FapC
produced by P. aeruginosa (53) and TasA produced by B. subtilis (Fig. 1) (32), play a role
in the formation of complex colony morphology on agar plates. Biofilms formed by
amyloid-proficient strains have a morphology different from biofilms formed by
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amyloid-deficient strains. Amyloid-deficient strains form flat biofilms, compared to the
mature biofilms produced by amyloid-expressing strains (32, 53, 54) (Fig. 1A).

The exact role played by functional amyloids in colony morphogenesis remains to
be determined. From the common contribution of amyloids to structural complexity, it
was purposed that amyloid formation is a common mechanism to attain architectural
complexity in biofilms. This view is compatible with recent studies and indicates a
widespread and important function for the macrostructure of the biofilm in the
formation of wrinkles and channels and a proper assignment of different cell types
coordinating and dividing tasks within biofilms (55-57). Amyloids promote cell-cell
interactions, as well as cell-to-surface adhesion, in conjunction with other components
of the extracellular matrix, such as exopolysaccharides and extracellular DNA (eDNA), an
additional important structural component of many bacterial biofilms (58, 59). Amy-
loids are known to interact with eDNA, supporting the stability of the ECM as a whole.
Similarly, human amyloids also interact with DNA; for example, prion conversion of
proteins into amyloid fibrils is modulated by the presence of DNA and RNA nucleic
acids, and Amyloid-B, involved in Alzheimer’s disease, has been shown to be structur-
ally affected by interacting with DNA in vitro (60, 61). In microbes, curli and eDNA form
irreversible complexes resistant to DNase | and RNase H. The eDNA is embedded within
the curli fibers, which in turn protect the eDNA from degradation (62, 63). In S. aureus,
it has been shown that the amyloid-forming secreted PSMa1 peptide also interacts
with DNA. S. aureus strains that allow autolysis and the release of eDNA promote the
polymerization of PSMa1, which further stabilizes the biofilm (64).

Amyloid fibers are considered a rigid scaffold upon which the more flexible and
amorphous EPS are overlaid. When amyloid deficient mutants are complemented with
either pure extracted amyloids or amyloid-producing strains, they are able to form
phenotypically wild-type biofilms (65). This phenomenon of wild-type phenotype
restoration by the complementation with purified protein of amyloid mutants also
occurs in pellicles, biofilms that form in the water-air interface (32), and indicates that
amyloids are a shared resource within the biofilm. The severe developmental defects in
mutants for amyloid formation indicate that functional amyloids are an important
matrix component that provides the structural “backbone” of the biofilm (Fig. 1A) (66).
Therefore, the use of anti-amyloid drugs, including compounds originally aimed to treat
human amyloids, emerged as a strategy to reduce the formation of pathogenic biofilms
(67-69) and thereby restore their sensitivities to antimicrobials.

THE FUNCTIONAL AMYLOID TasA OF B. SUBTILIS AS A REGULATOR OF CELL
FATE

Bacillus subtilis, a beneficial bacterium from the Firmicutes phylum, is highly related
to emergent pathogens, among them Bacillus cereus, Listeria monocytogenes (70),
prevalent food-borne pathogens, and the bioterror agent Bacillus anthraces (71). Un-
domesticated strains of B. subtilis are efficient colonizers of the plant host and can
protect their host from fungal and microbial infections (72). The major proteinaceous
component of B. subtilis ECM is the protein TasA, encoded by the tapA-sipW-tasA
operon (32, 73), and colonies formed by tasA deletion mutants are smaller and less
structurally complex than those of wild-type strains (74) (Fig. 1A). TasA forms amyloid
fibers (32, 74, 75) that are attached to the cell wall and, in conjunction with other
extracellular components, promote cell-cell adhesion (32, 76) (Fig. 1B and C).

The structure of the TasA protein itself is polymorphic. Diehl et al. have demon-
strated that in vitro, TasA has two distinct structures: a globular monomeric form that
is composed of two antiparallel B-sheets flanked by six helices and longer loop regions
assembled into jellyroll fold, as well as a fibril form composed of mainly B-sheets in the
canonical cross-B architecture (36). In contrast, Erskine et al. demonstrated that under
native conditions TasA fibers are assembled from globular protein units arranged in
helical repeats (35). The latest study revealed that, in its fibrillar amyloid form, TasA is
composed of B-sheet and a-helical secondary structure and that this combination
makes it an atypical functional amyloid (33).
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FIG 2 Scaffold and nonscaffold roles of TasA. lllustrated are the versatile functions of TasA. (A) Scaffold
and adhesin roles. (B) Signaling roles (possibly exerted by the nonamyloid forms of the protein),
protecting its producers from stress and inducing the formation of motile daughter cells. (C) A toxin role.

In addition to its canonical role as a scaffold promoting colony architecture, TasA has
several nonscaffold functions in a biofilm. The most well-known role is as a regulator of
cell fate, although many of the molecular downstream pathways for this protein remain
unknown. Originally, the TasA protein was described as having antibiotic activity (77).
TasA forms small aggregate intermediates that are recognized by the A11 “anti-
oligomer” antibody (32), which might correspond to the toxic activity ascribed to small
aggregates that are precursors to amyloid fibers (78). It is possible that TasA exists
outside the cell both as fibrils that play scaffold roles and as small aggregates that
defend the cells within the biofilm from potential competitors. These combined effects
might lead TasA-producing cells to become resistant to antimicrobial activity (1, 77).
Thus, TasA may potentially be coexpressed with its own set of resistance mechanisms,
similarly to many antimicrobial compounds (72); however, the exact nature and func-
tion of these potential mechanisms remain unknown.

Collective evidence suggest that TasA can regulate microbial development, inde-
pendently of its role as an ECM scaffold (Fig. 2). An analysis of the spatiotemporal gene
expression profiles of a B. subtilis ECM mutant lacking both exopolysaccharides and
TasA fibers demonstrated alterations in the number and localization of motile cells,
ECM producers, and sporulating cells within the mature colony (79). Specifically, the
motility-specific reporter displayed reduced expression in a TasA mutant strain. In
contrast, the transcription of the ECM operons was dramatically increased in the TasA
mutant (79).

TasA was recently suggested to maintain the motile cell subpopulation and to
thereby induce motility. Single-cell analysis revealed that TasA is acting locally to
stimulate the ECM producers to switch back to the motile state, with AtasA cells
remaining much longer in the biofilm state. Within the biofilm colony, the emergence
of motile cells from preexisting matrix-producing chains can allow a uniform distribu-
tion of cells, rather than the emergence of two spatially segregated subpopulations.
This can promote collective migration of biofilm cells since it requires colocalization of
both flagellated cells and matrix producers (80). Recent motility-focused transcriptomic
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analysis of the tasA mutant and its signal peptidase supported that it acts as a regulator
in its secreted form (80).

Similarly to many biofilm formers, in B. subtilis, a regulatory switch couples activation
of ECM production with the repression of motility (81-84). This regulatory switch
depends mainly on two master regulators that jointly control both motility and biofilm
development: the homologous proteins SinR and SIrR (85). During planktonic growth,
SinR represses the expression of the ECM-producing operons epsA to epsO (epsA-0O) and
tapA-sipW-tasA, as well as the expression of slrR. Once the biofilm state is induced, SinR
is deactivated by Sinl, resulting in activation of the ECM operons and sirR (86-88). In
turn, SIrR binds to SinR, creating a heterodimer that represses the fla/che operon, which
encodes key components of motility (82) and genes encoding autolysins, which are
important for breaking down the cell wall so that cells can separate from one another.
Thus, the same regulator, SinR, represses either the ECM operons or motility, but not
both simultaneously in the same cell, and therefore the two transcriptional programs
are mutually exclusive at the single-cell level (85). Interestingly, tasA deletion had no
influence on the number of motile cells in cells lacking motility-biofilm switch master
regulators and thus unable to enter the biofilm state (80). Therefore, TasA serves as an
upstream signal to the motility-biofilm switch, to increase the switching from matrix
production back to motility.

Consistent with the regulatory role of TasA in motility gene expression, it was found
to promote microbial migration in two complementary settings. Although B. subtilis
does not make vortices during swarming on solid media (89), it was recently shown to
exhibit vortex-like motion in liquid during early stages of biofilm formation (90). TasA
was found to link large localized groups of cells traveling in a common circular path
(generating a “vortex”) in liquid. Similarly, TasA generates bridges between cells, which
promoted flagellar independent motility (sliding) on agar plates (91, 92). This suggests
a dual evolutionary pressure on the structure and function of TasA: flexibility for
promoting collective motility and the formation of scaffolds for the nonmigrating
biofilm population.

The effect of TasA on gene expression was recently shown to be broad, prolonged,
and sustainable (93). Another transcriptome study indicated that beyond motility and
ECM production, tasA has a role in maintaining proper activation of secondary metab-
olite production, metabolic activities, and additional vital functions. The interaction of
TasA with the bacterial membrane is proposed to play a part in its signaling roles.
Membrane dynamics were suggested to be regulated by TasA, as in its absence,
impaired respiration was observed, which led to an increase in the generation of
reactive oxygen species (ROS) (93). The formation of ROS could account for some of the
transcriptome alterations observed in the tasA mutant as ROS induce a full range of
transcriptional and cytological alterations in microbial systems (94, 95).

TasA was also shown to be required for the expression of stress genes involved in
antibiotic tolerance (80, 93). In addition to ROS formation, the secretion of TasA itself
may affect gene expression. Consistently, a nonsynonymous mutation in the histidine
kinase domain of the histidine kinase CssS, part of the CssRS two-component system
(involved in responding to secretion stress) (96) was found to partially rescue gene
expression defects in a TasA mutant strain. Because the cssRS deletion increased the
expression of motility genes and inhibited ECM gene expression, the CssRS may sense
high levels of secreted TasA. CssRS was previously demonstrated to activate several
pathways involved in cell stress tolerance (80, 97-99). Since the secretion stress
response is conserved in other amyloid producers, such as E. coli (100), it may be
activated similarly to induce stress tolerance gene expression during the secretion of
amyloids. Collectively, these results indicate that TasA production itself grants the
producers increased endurance to stress.

Overall, the findings discussed here present a case for several arguments. First,
sensing TasA may initiate a local negative-feedback loop for its own production by
inducing a sharp decrease in the expression of ECM genes, acting upstream to the
Sinl/SinR/SIrR switch. In this way, TasA switches cells back to express motility genes, and
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its secretion and sensing serve as a bet-hedging strategy to maintain both cell types in
the biofilm. Since motility and biofilms are tightly connected in the microbial domain
(54, 101), it remains to be explored what is the exact mechanism of sensing TasA and
whether it is extendable to additional amyloids.

The gradual increase in amyloid secretion and amyloid interaction with the cell
membrane can also serve to increase the resistance of microbial communities to
antibiotics produced by their competitors and to stress, providing benefits to the TasA
producers themselves, rather than acting as a “public good.” A variant in tasA could
restore the regulatory role, but not colony structure (93), and therefore it is unlikely that
transcriptional defects of the tasA mutant can be solely attributed to the scaffold roles
of the amyloid. Nevertheless, it remains to be determined what structural variants of
the protein account for its nonscaffold functions.

STRUCTURAL POLYMORPHISM ENCODE DIFFERENT ACTIVITIES OF THE
S. AUREUS PSM FUNCTIONAL AMYLOIDS

Highly pathogenic strains of S. aureus, for example, methicillin-resistant S. aureus
(MRSA), which is responsible for more than 90% of multidrug resistance infections
(102), show high expression levels of PSMs (103). Specifically, PSM peptides comprise
nearly half of the secreted protein mass (104) and greatly contribute to pathogenicity
(105). PSMs act as virulence determinants mainly by structuring the biofilms and by
targeting the host defense system, including lysing neutrophils and other cell types,
and inducing proinflammatory activity by interacting with formyl receptor 2 (FRP2) and
other receptors in the immune system (37, 105-110).

The S. aureus PSM family is comprised of eight short peptides: PSMa1 to PSMa4,
expressed from the a-psm operon; PSMB1 and PSMB2, expressed from the B-psm
operon; and PSMvy (also known as the &-toxin) expressed from the hid gene encoded
within the Agr regulatory RNA gene rnalll (105, 111). PSMs are a-helical amphipathic
peptides and, as such, were initially identified by hot phenolic extractions from cultures
of S. epidermidis (111, 112). Mass spectrometry studies showed that PSMs are truncated
in vivo to generate an array of shorter derivatives, thus expanding the array of active
species produced by PSMs (38, 113-117). Recent studies yielded evidence of amyloid-
like fibril formation of PSMas that play roles in mediating their virulent activities,
including biofilm formation (PSMa1 and PSMa4), toxicity against host immune cells
(PSMa3), and antibacterial activity (PSMa3 derivatives) (30, 37, 38, 110, 118, 119).

Biofilm formation facilitates S. aureus attachment and colonization of tissues or
medical implants and protects the bacterium from antibiotics and immune response,
leading to chronic and persistent infections (120). Analyses of the biomolecule com-
position of the S. aureus biofilm matrix revealed, among polysaccharides and eDNA (64),
a proteinaceous fibrous material, consisting mostly of PSMa1 and PSMa4 in an amyloid
aggregated state (30). Biophysical and structural characterization of PSMa1 and PSMa4
revealed that they self-assemble into cross-B amyloid fibrils (38). The PSMa1 and
PSMa4 short segments IIKVIK and IIKIIK, respectively, which are conserved among
naturally occurring truncations (113-117), were identified as the spine segments of the
fibrils (38). Atomic resolution structures of these spine segments showed B-sheets that
tightly mat through steric zipper interfaces, adopting the ultrastable cross-gB fibril
architecture typical of segments of human disease-associated amyloids (38) (Fig. 3).
Subsequent studies showed the formation of cross-B steric zipper structures also in
segments from CsgA, the main amyloid subunit of curli in the biofilm of E. coli (67). The
cross-B fibrillar architecture shown for the first time in bacteria raises hypotheses
regarding the evolution and physiological roles of amyloids across kingdoms of life. The
involvement of the cross-B amyloid architecture in structuring the biofilms of different
bacteria offers novel targets for the development of anti-biofilm compounds, which
could potentially reduce the aggressiveness of infections and increase susceptibility to
conventional antibiotic treatments. Accordingly, known anti-amyloid compounds were
successfully repurposed as antibiofilm agents (67).

PSMa3, the most cytotoxic peptide in the PSM family, is also a key player in MRSA
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FIG 3 Structural heterogenicity of phenol-soluble modulins (PSMs). Shown are resolved crystal structures
of indicated PSMs.

acute infections by utilizing a strategy to evade the host immune system. PSMa3 kills
neutrophils after phagocytosis and also lyses lymphocytes, erythrocytes, and other cell
types (103, 105, 107, 109, 110, 121-123). PSMa3 cytolytic activity occurs in a membrane
perturbation fashion, rather than being receptor mediated. Recently, it was shown that
PSMaz3 self-assembles into fibrils with a novel amyloid cross-a architecture of a-helices
which stack perpendicularly to the fibril axis, forming matted sheets, as did the B-sheets
in the cross- fibrils (Fig. 3) (110). The PSMa3 structure encompassed the full length of
the amyloid’s sequence, a feature that has never before been achieved by crystallog-
raphy. The secondary structure polymorphism observed for the PSMa3 cross-a fibrils
compared to human cross-8 amyloids was striking and indicative of structurally en-
coded functional specificity, particularly when considering that homologous family
members, PSMa1 and PSMa4, form the canonical cross-B amyloid fibrils (38).

PSMa:3 cross-« fibrillation was suggested to serve as a critical determinant of toxicity
against human T cells (37, 110, 118). In a mutagenesis study, it was shown that a few
nonfibrillating mutants, although they remained a-helical in solution, lost the ability to
form fibrils and were much less toxic to T cells than the wild type (37, 110). This
suggested that cross-a amyloid formation plays a role in the pathogenicity of MRSA. At
the molecular level, lipids were suggested to accelerate PSMa3 fibril formation (118),
while a dynamic process of PSMa3 coaggregation with cell membranes potentially
leads to massive T-cell deformation (37). Furthermore, mutagenesis analyses of PSMa3
indicated the role of positive charges, especially Lys17, in interactions with the mem-
brane and suggested their regulation by inter- and intrahelical electrostatic interactions
within the cross-a fibril (37). Overall, this mechanistic model suggests that PSMa3
cytotoxicity is governed not by a single entity (e.g., oligomers or mature fibrils) but
rather by the ability to form cross-a fibrils that involves a dynamic process of coag-
gregation with the cell membrane, rupturing it (37). This might be relevant to amyloid
toxicity in general, with the exact conformation that contributes to amyloid toxicity still
under debate and which might be protein specific (124, 125).

Despite the stable formation of PSMa3 a-helices in solution, in fibrils and in crystals
(37, 110), the tendency to form B-rich structures is embedded in its sequence, induced
via mutation (37), or truncations (38). Some derivatives also show gain of antibacterial
activity (38, 109). Specifically, the short six-residue segment PSMa3,_,, has antibacterial
activity toward a few of Gram-positive bacteria, including Staphylococcus hominis but
not against the secreting S. aureus. In contrast to the a-helical nature of the parent
peptide, PSMa3,_,, was shown to form atypical and polymorphic B-rich fibrils, which
are in variance from the cross-B canonical architecture (38). One polymorph was
fundamentally different from typical cross-B steric zippers, displaying no dry interface
between pairs of B-sheets. Instead, hexamers of B-sheets formed cylindrical channels
running along the fibril-like structure, effectively yielding nanotubes (Fig. 3). The
second polymorph was composed of out-of-register B-sheets (Fig. 3), meaning that
unlike in canonical cross- fibrils, B-strands are not perpendicular to the fibril axis (126,
127). Such an extreme polymorphism was exceptional within the hundreds of struc-
tures of amyloid-like spine segments solved to date (49).
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Overall, the extreme structural polymorphism revealed in the S. aureus PSM family
and their shorter derivatives, showing different amyloid fibrillar architectures, is attrib-
uted to their functional plasticity encompassing various activities of MRSA pathoge-
nicity (38, 110).

THE SCAFFOLD AMYLOID CURLI SERVES AS AN IMMUNOMODULATOR

The curli fibers from Enterobacteriaceae are the foremost studied functional amy-
loids (128). Many commensal E. coli strains and the commonly studied lab strains
express curli at temperatures of <30°C. In contrast, pathogenic E. coli strains like UPECs,
EAECs including the 2012 German outbreak strain (sometimes grouped as an EHEC) and
S. Typhimurium, have been shown to express curli at 37°C (62).

Curli regulation is under the control of two divergent operons csgBAC (curli-specific
gene) and ¢sgDEFG, with csgD encoding the transcriptional master regulator of both
curli and cellulose (29). In E. coli, curli fibers compose up to 85% of the biofilm biomass
(129), spatially expressed in the wrinkles of structured colonies (130) and often form an
interwoven mesh that cradle the individual bacterial cell (54). The structural compo-
nents of curli fibers are the self-assembling CsgA and CsgB, which are found at ratios
of 20:1, respectively (131). These monomeric subunits self-assemble into oligomers,
which then assemble into protofibrils before cross-assembling to form thicker mature
fibrils (132). The rate of amyloid fibrillation of synthetic curli monomers was shown to
be increased in the presence of eDNA (63). The width of curli fibers typically ranges
between 4 and 10 nm, and they were suggested to adopt the typical cross- architec-
ture of amyloids, where the B-sheet strands are oriented perpendicular to the axis of
the fiber. This construction provides a high degree of robustness and stability, along
with exceptional resistance to sodium dodecyl sulfate and proteolytic treatments (29).

Like TasA, curli acts in vitro as an essential scaffold protein during biofilm formation.
Curli mutants form less-structured colonies compared to a curli-only-producing strain,
which is characterized by concentric rings radiating out from the center of the colony
(54). A strain deficient in both curli and the exopolysaccharide cellulose (but none of
the single mutants) forms completely featureless colonies, indicating that cellulose and
curli interact (133).

Curli was shown to be expressed and active in vivo as well, since CsgA antibodies
were detected in the blood of human sepsis patients (134) and curli expression was
demonstrated for S. Typhimurium in the ceca and colons of mice (135). Furthermore, it
was recently demonstrated that human monoclonal antibodies (3H3) with pan-amyloid
epitope binding ability can disrupt and in conjunction with antibiotics to clear catheter-
associated S. Typhimurium biofilms in mice. The antibody was shown to disrupt the
biofilm structure both in vitro and in vivo by inhibiting curli polymerization (69).
Interestingly, intermediate curli aggregates were more cytotoxic than mature curli
fibrils to bone marrow-derived macrophages, similar to other cross- amyloids which
are mostly toxic in their oligomeric forms (132). When DNA is released during cell death,
it facilitates fibrillation of curli into larger fibrillar structures (132).

In vivo, curli also directly regulates the immune system and is known to induce
inflammation by activating the immune Toll-like receptors (TLRs) (136), a role of equal
importance for host colonization. When this recognition occurs in the body outside the
intestinal tract, it leads to a proinflammatory response with the activation of the
production of cytokines, chemokines (interleukin-6/8), tumor necrosis factor alpha, and
nitric oxide (134, 136). Indeed, mice exposed to curli in the gut were shown to have in
increased levels of autoantibodies and joint inflammation (135). Curli-eDNA complexes
were shown to be strong immune stimulators that activate both innate and adaptive
immunity and trigger the production of autoantibodies (63) and TLR9 (136). The
process takes advantage of the B-sheets structure of curli binding to the cell surface of
TLR2, which leads to the internalization of the curli-eDNA complex into endosomes.
Once internalized, the complex binds to endosomal TLR9, which induces type | inter-
feron production and the subsequent production of autoantibodies (137). The recog-
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nition of curli by TLR2 and the subsequent autoimmune response are abolished when
the quaternary structure is disrupted via point mutations in csgA (137).

Similarly to curli, other microbial amyloids, including PSMs, and some human
amyloids also activate TLRs and other immune receptors (138-142). This suggests the
involvement of self-assembly in receptor activation in a sequence-nonspecific manner.
Nevertheless, it is still unclear whether the structural recognition pattern of these
receptors is indeed dependent on a particular form of protein self-assembly. It is
possible that receptor activation is achieved with a very low concertation of the
amyloids, involving soluble species and not mature fibrils.

In addition to their proinflammatory roles, curli amyloids can also induce an
anti-inflammatory response when expressed by noninvasive strains (128). During
chronic colonization, a curli-associated biofilm phenotype has emerged as a pathoad-
aptive trait associated with noninvasive phenotypes (143). For example, curli appears to
be an antivirulence factor in acute systemic typhus-like infection in rodents caused by
S. Typhimurium, blocking colonization of the spleen and other internal organs (144).
Similarly, the recognition of amyloid fibers in enteric biofilms by the TLR 2/1 complex
promotes an anti-inflammatory response and reinforce the barrier function by promot-
ing intestinal epithelial integrity (145). Furthermore, the oral administration of curli
fibers reduced severity of colitis in a mouse model for inflammatory bowel disease to
the extent that the application of curli was suggested as potential treatment for
intestinal inflammatory disorders (146). Overall, these collective results suggest that the
spatial location of curli is of vital importance when it comes to the host’'s immune
response, triggering a proinflammatory response in a systemic infection and an anti-
inflammatory response when localized in the gut (147).

Treatment with curli proteins to reduce inflammation should be considered with
great caution due to recent evidence for the existence of curli-induced a-synuclein
pathology. Recently, it was shown that curli can accelerate a-synuclein (Parkinson’s
disease pathogenic amyloid) aggregation and that when human a-synuclein-
overexpressing mice were colonized with curli-producing E. coli there was a marked
increase in gut and brain pathology (148). However, this increased a-synuclein pathol-
ogy is only witnessed in genetically predisposed mice (149). Therefore, curli alone is not
enough to trigger the disease over a short period and requires other predisposing
factors. CsgC and CsgE are chaperon-like proteins produced by E. coli which prevent the
fibrilization of curli inside the E. coli cell. CsgC is also able to arrest fibrilization of
a-synuclein, while CsgE actually accelerated the formation of a-synuclein amyloid in
vitro (150). This neurotoxicity is in agreement with the pathologies of human neuro-
degenerative diseases, including Alzheimer’s and Parkinson’s, where the accumulation
of amyloids and the local inflammation caused by the immune response to those
amyloids contributes to the subsequent injury of tissue (151). However, the preliminary
studies demonstrating that CsgC prevents the polymerization of amyloids seem to
inspire interesting possibilities into the treatment of amyloid systemic infection and
neurodegenerative disease merit further investigation.

CONCLUSIONS AND FUTURE DIRECTIONS: TARGETING FUNCTIONAL AMYLOIDS
TO CONTROL MULTICELLULAR MICROBIAL COMMUNITIES

In this review, we have focused on the nonscaffold roles of amyloids in toxicity,
signaling, and interaction with the immune system.

Signaling

In multicellular eukaryotes, numerous examples of ECM-driven signals crucial for the
determination of both cell behavior and correct tissue morphogenesis have been
described. There is no apparent reason to think that bacterial ECM would differ in this
aspect. ECM-derived signals may be a common feature of cell communities surrounded
by an extracellular matrix, as they allow for probing of the local environment and
dynamic adjustment of signals (25). Evidence for potential regulatory activities of
functional amyloids was recently published for TasA in B. subtilis (80, 93), although the
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complete molecular mechanisms and whether TasA exerts its signal as an amyloid
remain to be resolved. TasA was shown to regulate stress tolerance, motility, and
ECM production independently of its scaffolding roles (80, 93). Additional evidence for
TasA-driven regulation of gene expression rises from the spatial organization of differ-
ent subpopulations in the biofilm, which are modified in amyloid mutants compared to
the wild type, both in B. subtilis and in E. coli (54, 79). The defects in cell behavior can
be explained as a lack of TasA-derived regulatory cues. It will be interesting to examine
the possible role of the ECM and, specifically, microbial amyloids in the regulation of
cell localization and genetic program activation in other species. Identifying with clarity
the domains that account for these added functions and their specific inhibitors may be
essential to extend affectively the repertoire of antivirulence drugs that modulate
biofilm formation.

Toxins

Toxicity is also an essential feature for survival in complex environments. In nature,
multiple species of bacteria compete for organic material, cluster with their own
species, and form biofilms that compete for a niche with neighboring communities
(152). The dual role of amyloids as toxins and scaffolds seems to directly address these
complementary functions and increases the chances of the community as a whole to
survive. It remains unknown whether the antimicrobial properties of TasA are related to
its amyloid state (77). In the case of PSMs, while the involvement of PSMas in biofilms
is related to the formation of cross-f fibrils, which provide a stable scaffold (116), the
cytotoxic activities against human cells of PSMa3 are probably related to the formation
of cross-a fibrils (37, 38). Of note, toxic activity is not necessarily directly mediated via
a specific toxic entity, such as monomers, oligomers, or fibrils, but via a dynamic
process of coaggregation with the membrane (37). Toxic activities of PSMas against
bacterial cells might be mediated via different states and even by different sec-
ondary structures.

Immunomodaulation

In addition to serving as scaffolds, regulators of gene expression, and toxins in the
microbial domain, amyloids frequently interact with the eukaryote host of the microbial
community. Indeed, microbial amyloids interact with the amyloids of host systems (153,
154), putatively providing some immune-evasive and survival strategies (155, 156), and
have been suggested to contribute to the pathology of aggregation diseases (154, 155,
157-166). Curli fibers have been shown to enhance amyloid protein A (AA) amyloidosis
in mice (167). AA amyloidosis is characterized by the buildup of amyloid protein A fibrils
in tissue. Lundmark et al. demonstrated the ability of the bacterial curli to seed for fibril
formation in mice leading to AA amyloidosis (167). The molecular structures shared
between amyloids of different species may be involved in the creation of prion-like
agents (168), raising concerns regarding the exposure of humans to various food
sources and microbes that contain amyloids (169-171).

This review presents a number of studies demonstrating the pivotal nonscaffold
roles of bacterial amyloid proteins. In B. subtilis, TasA acts as a toxin and adhesin and
directly or indirectly regulates several developmental programs. In S. aureus, PSMs vary
in their fibril architectures to allow discrete activities, as toxins and immune modulators.
In E. coli and S. Typhimurium, curli serves as a main biofilm scaffolding fibril and also
acts to promote or reduce inflammation, depending on its location. Many of these roles
are proposed to be essential for the fitness of amyloid producers in several habitats. The
different activities could be exerted by different fibril architectures, as clearly shown for
the PSMs (Fig. 3); however, the same protein precursor may change its macro structure
following interactions with membranes (172), hydrophobic substances (75), surfactants
(173), or eDNA (64) and therefore function differently in different regions of the biofilm.
Although PSMa3 is not observed within the biofilm biomass, its interactions with other
surfaces within the host can affect its function. Correlating scaffold and nonscaffold
activities with molecular structures seems to be the next frontier in the study of
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microbial amyloids. It is early to determine whether we can target all different functions
of microbial amyloids with the same compounds or aim for a cocktail of drugs against
specific targets. Nonetheless, targeting virulent microbial amyloids might provide
novel approaches to address the urgent need for therapeutics against resistant
infections, since antivirulence drugs might reduce the aggressiveness of the infec-
tion while inducing lower resistance mechanisms compared to conventional bac-
tericide antibiotics.
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